Introduction

MINI-REVIEW
Anti-Cancer Effects of Green Tea by Either
Green tea and tea polyphenol called catechins are believed to exert protective effects against diseases such as cancer, obesity, diabetes, arteriosclerosis, neurodegenerative diseases, tooth decay, hepatitis, allergy, and bacterial and viral infection (Yang et al., 2009; Khan and Mukhtar, 2010; Singh et al., 2011; Yang and Wang, 2011; Suzuki et al., 2012; Khan and Mukhtar, 2013; Miyoshi et al., 2015; Yang et al., 2016) . Among the green tea catechins (GTCs), (-)-epigallocatechin gallate (EGCG, Figure 1 ) exhibits the strongest bioactivity in general,
Figure 1. Chemical Structure of (-)-Epigallocatechin Gallate (EGCG)
(-)-Epigallocatechin gallate (EGCG)
and EGCG is almost exclusively contained in C. sinensis species (Miyoshi et al., 2015) . Majority of scientific evidence based on cellular and animal experiments has indicated that green tea can exert beneficial health effects on cancer, although the evidence relating to its effects in humans remains inconclusive (Yang et al., 2009; Singh et al., 2011; Yang and Wang, 2011; Suzuki et al., 2012; Khan and Mukhtar, 2013; Miyoshi et al., 2015) .
Our research group has demonstrated several lines of evidence to show the green tea's actions against cancer, hepatitis, and diabetes. We postulated that hepatocyte nuclear factor (HNF)-4α, sterol regulatory elementbinding proteins (SREBPs), and tumor necrosis factor (TNF)-α are the targets of green tea constituents including EGCG in anti-diabetes, anti-obesity, and anti-hepatitis effects, respectively (Suzuki et al., 2012) . However, it is not clear whether or not the observed changes in these factors can also be correlated with the anti-cancer effect of green tea.
In this review, we discuss how these factors can be linked to the green tea's anti-cancer action, which would provide an example to interconnect various findings on mechanisms proposed for green tea's preventive actions against various diseases.
Effects of green tea on HNF-4α
One of the hallmarks of diabetes is the failure to control the blood glucose level (Waltner-Law et al., 2002) . The postprandial glucose level is maintained by gluconeogenesis in which gluconeogenic enzymes, phosphoenolpyruvate carboxykinase and glucose-6-phosphatase are involved. EGCG was demonstrated to inhibit glucose production in hepatoma cells and primary hepatocytes by reducing the gene and protein expression of these enzymes (Waltner-Law et al., 2002; Collins et al., 2007) . Our animal experiment also revealed that green tea and EGCG reduced their gene expressions in the liver (Koyama et al., 2004) . Later, we found that inhibition of HNF-4α was correlated with these findings (Yasui et al., 2010; Suzuki et al., 2012; Miyoshi et al., 2015) . This transcription factor binds to the promoter to regulate the gene expression of phosphoenolpyruvate carboxykinase and glucose-6-phosphatase (Suzuki et al., 2012) . Therefore, green tea consumption is expected to contribute to the reduction in the postprandial blood glucose level, suggesting its favorable effect in diabetes.
Several human studies have shown the beneficial effect of green tea consumption on diabetes (Yang et al., 2009; Singh et al., 2011; Yang and Wang, 2011; Suzuki et al., 2012; Khan and Mukhtar, 2013; Miyoshi et al., 2015; Yang et al., 2016) . For example, a large scale retrospective cohort study found the inverse association between consumption of green tea and the risk of diabetes (Iso et al., 2006) , and an intervention study revealed that the blood glucose level increased by oral glucose burden was mitigated by consumption of green tea (Tsuneki et al., 2004) . Bogdanski et al. found that long term supplementation of green tea extract (GTE) caused the reduction in the fasting serum glucose level in obese, hypertensive subjects (Bogdanski et al., 2012) .
Effects of green tea on SREBPs
SREBPs are the transcription factors which play a central role in regulation of cellular lipogenesis and lipid homeostasis (Weber et al., 2004) . Several studies have shown that the fat-lowering effect of green tea and EGCG is mediated by SREBPs (Shrestha et al., 2009; Santamarina et al., 2015) . In diet-induced obese mice, dietary EGCG lowered the levels of plasma triglycerides and liver lipid ). In the epididymal white adipose tissue, EGCG decreased the mRNA levels of adipogenic genes such as SREBP-1c, peroxisome proliferator-activated receptor-γ, and fatty acid synthase. Our animal experiment showed that oral administration of a catechin-free fraction reduced plasma levels of cholesterol and triglycerides, with concomitant reduction in hepatic gene expression of SREBPs (Suzuki et al., 2012; Yasui et al., 2012; Miyoshi et al., 2015) . Thus, green tea contains lipid-lowering components in addition to GTC.
Several human studies have shown that green tea and EGCG have the lipid lowering effect (Wang et al., 2014) . For example, in a double-blind, placebo-controlled trial on 56 obese, hypertensive subjects consuming a daily supplement of 1 capsule with 379 mg of GTE for 3 months, the GTE group was found to show reductions in the total and low-density lipoprotein cholesterol and triglycerides as compared with the placebo group (Bogdanski et al., 2012) .
Effects of green tea on TNF-α
TNF is a proinflammatory cytokine. Fujiki and his coworkers have demonstrated that the anti-cancer effect of green tea can be correlated with inhibitory effect on gene and protein expression of TNF-α (Suganuma et al., 2000) .
Our animal experiment using galactosamine-induced hepatitis model rats showed the consumption of green tea beverage with a high content of EGCG attenuated hepatitis (Abe et al., 2005; Suzuki et al., 2012; Miyoshi et al., 2015) . The effect was correlated with the beverage's inhibition of the gene and protein expression of inflammatory cytokines, TNF-α and interleukin 1β. Similarly, EGCG reduced the mRNA levels of TNF-α and interleukin-1β in the mesenteric adipose tissue of non-obese type 2 diabetic rats when they were given a diet containing 0.1% EGCG for 25 weeks (Uchiyama et al., 2013) . These finding are compatible with the result of a human clinical study demonstrating that GTE caused reduction in serum levels of TNF-α and C-reactive protein (Bogdanski et al., 2012) .
Anti-cancer effects of green tea
Most of cellular and animal experiments have demonstrated the anti-cancer effects of green tea and EGCG (Yang et al., 2009; Khan and Mukhtar, 2010; Singh et al., 2011; Yang and Wang, 2011; Suzuki et al., 2012; Khan and Mukhtar, 2013; Miyoshi et al., 2015) . The major compound contributing to the activity of green tea is believed to be EGCG.
Human epidemiological and intervention studies have also shown that green tea and tea catechins exert preventive effects against various cancers (Yang et al., 2009; Singh et al., 2011; Yang and Wang, 2011; Suzuki et al., 2012; Khan and Mukhtar, 2013; Miyoshi et al., 2015) . Of 127 case-control studies and 90 cohort studies published from 1965 to 2008, 51 case-control studies and 19 cohort studies showed an inverse association between green/ black tea consumption and cancer risk for various types of cancer including colon, lung, stomach, breast, prostate, ovarian, pancreatic, kidney, and bladder cancers (Yang et al., 2009 ) and a growing body of evidence supports green tea's favorable effects (Miyoshi et al., 2015) .
On the other hand, many findings have failed to demonstrate such effects. These conflicting results may arise from several confounding factors, including the methods of quantifying tea consumption, tea temperature, cigarette smoking, alcohol consumption, and the differences in genetic and environmental factors such as race, sex, age, and lifestyle (Yang et al., 2009; Yang and Wang, 2011; Suzuki et al., 2012; Miyoshi et al., 2015) . The different results between human and animal experiments could have been due to the different doses of tea (Khan and Mukhtar, 2013) .
Anti-cancer mechanism of green tea through anti-oxidant activity (Figure 2)
It is well established that GTCs such as EGCG have a strong anti-oxidant property (Yang et al., 2009; Khan and Mukhtar, 2010; Singh et al., 2011; Yang and Wang, 2011; Suzuki et al., 2012; Khan and Mukhtar, 2013; Miyoshi et al., 2015; Yang et al., 2016) . For example, an intervention study with obese, hypertensive participants found that supplementation of GTE increased anti-oxidant status (Bogdanski et al., 2012) . Chen et al. (2011) demonstrated that the elevated level of reactive oxygen species (ROS) in the liver of female rats treated with ethanol was attenuated by intravenous supplementation with GTCs.
Carcinogenic chemicals, cigarette smoke, radiation, and microorganisms are known to cause the generation of ROS to induce carcinogenesis (Lin et al., 1995; Aw, 1999; Li et al., 2003) . ROS increase the expression and/ or activation of NF-κB to stimulate the expression/activity of several cancer-related factors such as TNF-α, nitric oxide, cyclooxygenase (COX)-2, matrix metalloproteinase (MMP)-9, and Bcl-2 (Lin et al., 1995; Sharma and Tepas, 2010; Choudhari et al., 2013; Lee and Yang, 2013) .
TNF-α has a tumor-promotion effect and EGCG inhibited BALB/3T3 cell growth through inhibition of okadaic acid-mediated NF-κB activation, being accompanied by inhibition of TNF-alpha gene expression (Suganuma et al., 2000) . EGCG showed anti-cancer effect by inhibiting nitric oxide production through suppressing inducible nitric oxide synthase activity (Punathil et al., 2008) . EGCG inhibited mammary cancer cell migration by suppressing the elevated levels of endogenous nitric oxide/nitric oxide synthase in 4T1 cells (Beltz et al., 2006) . GTE was shown to down-regulate COX-2 induced by 12-O-tetradecanoylphorbol-13-acetate (TPA) in mouse skin and in TPA-stimulated human mammary cells, suggesting its anti-cancer effect (Singh et al., 2011) . We observed that EGCG inhibited growth of fibrosarcoma HT1080 cells together with down-regulation of MMP-9 expression (Maeda-Yamamoto et al., 2003) . EGCG induced apoptosis in HT-1080 cells by the mechanism in which suppression of anti-apoptotic protein Bcl-2 expression and NF-κB activation are involved through its anti-oxidant activity (Lee et al., 2011) .
Anti-cancer mechanism of green tea through the pro-oxidant activity (Figure 3)
Several lines of evidence have indicated the prooxidant activity of EGCG (Yang et al., 2009; Singh et al., 2011; Yang and Wang, 2011; Suzuki et al., 2012) . We found that EGCG induced oxidative stress to lead to apoptosis in cultured tumor cells (Saeki et al., 2002) . EGCG may promotes AMPK activation, leading to inhibition of the expressions of SREBPs, HNF-4α, and mTOR, which play the crucial roles in cancer growth, development, progression, and metastasis. Thus, EGCG exhibits the anti-cancer effect by reducing the level of these cancer-promoting proteins.
increase the ROS generation through the action on Ca 2+ / calmodulin-dependent protein kinase kinase (Collins et al., 2007) . ROS can activate 5'-AMP-activated protein kinase (AMPK) (Collins et al., 2007; Hwang et al., 2007; Babu et al., 2013) , and the activated AMPK may inhibit the expression of HNF-4α (Schwartz et al., 2009; Steinberg and Kemp, 2009) , SREBP (Motoshima et al., 2006; Steinberg and Kemp, 2009; Liu et al., 2015) , COX-2 (Hwang et al., 2007) , and mammalian target of rapamycin (mTOR) which up-regulates cell profiferation (Motoshima et al., 2006) . Therefore, these transcription-regulating factors can be the targets of anti-cancer drugs.
Schwartz et al. (Schwartz et al., 2009 ) examined the effect of HNF-4α antagonists and HNF-4α siRNA on growth and proliferation of colorectal cancer cells in xenotransplanted nude mice. The results indicated that these agents inhibited growth and proliferation of HT29 and Caco2 cells by a mechanism which involves activation of caspase-3 and down-regulation of Bcl-2 leading to apoptotic death. Animal experiments gave similar results. Thus, the tumor suppression was accounted for by suppression of HNF-4α transcription and protein expression. These authors have proposed that HNF-4α is a target for an anti-cancer drug.
Hwang et al. (Hwang et al., 2007) demonstrated that EGCG treatment of colon cancer cells resulted in a strong activation of AMPK in association with an inhibition of COX-2 expression. The decreased COX-2 expression as well as prostaglandin E2 secretion stimulated by EGCG was abolished by an AMPK inhibitor, Compound C, suggesting that AMPK can be a target for an anti-cancer strategy.
Accelerated synthesis of lipids such as fatty acid and cholesterol is a requirement for tumor cells to grow fast due to the obligatory requirement to constitute their cell membrane (Gabitova et al., 2014) . SREBPs play the central role in the lipid metabolism and have been shown to induce cancer cell growth, development, progression and metastasis (Huang et al., 2012; Guo et al., 2014; Li et al., 2014a; Li et al., 2014b; Li et al., 2016) . The high level of SREBP-1 protein expression was correlated with high mortality in patients with hepatocellular carcinoma and knockdown of SREBP-1 inhibited migration and invasion of hepatoma cells (Li et al., 2014a) . Accordingly, blocking SREBPs can be a pharmacological intervention for cancer therapy (Li et al., 2014b) . Thus, ROS generation by action of EGCG as a pro-oxidant contributes to down-regulation of SREBPs through AMPK activation, and consequently leads to the anti-cancer effect of green tea.
mTOR is involved in translocation of SREBPs to the Golgi, in which SREBPs are cleaved by protease and the fragment enters into the nucleus to promote lipid synthesis (Gabitova et al., 2014) . Therefore, the pathway of phosphoinositide-3-kinase/protein kinase B/mTOR plays an important role in solid malignancies and inhibitors to the pathway are expected as the cancer therapeutic agent (Motoshima et al., 2006; Jokinen and Koivunen, 2015) . Since AMPK negatively regulates mTOR expression (Motoshima et al., 2006) , EGCG may exert its anti-cancer activity by stimulating the generation of ROS which activates AMPK to lead to the inhibition of mTOR.
Yang et al. have already pointed out the activation of AMPK is a common mechanism among various biological effects of EGCG (Yang et al., 2016) .
Concluding Remarks
The anti-cancer effect of green tea can be explained by either its anti-oxidative or pro-oxidative property. As exemplified by ascorbate, EGCG can act either as an anti-oxidant or pro-oxidant depending on the cellular environment (Sakagami and Satoh, 1997; Waltner-Law et al., 2002; Park et al., 2006) . The effect of green tea and EGCG may be different by the difference in a redox homeostasis threshold of different cells such as normal versus cancer cells (Kanadzu et al., 2006; Li et al., 2015) . The tissue specific differences in membrane structure and metabolism may also contribute to the different effect.
In the experiment using diabetes model rats, consumption of a diet containing 0.1% EGCG reduced the oxidative stress, but not in 0.2 or 0.5% diet groups, suggesting the available concentration is one of the determinants for EGCG to be oxidative or anti-oxidative (Uchiyama et al., 2013) . Beltz et al. described that at high concentrations, polyphenols such as EGCG have prooxidative activities, whereas at much lower levels, antioxidative effects occurred (Punathil et al., 2008) . Further studies are required to understand what is a mechanism for EGCG to act as an anti-oxidant (Figure 2 ) or pro-oxidant (Figure 3) , through which EGCG can exert its favorable activity on a disease.
In addition to the action on ROS, EGCG can modulate biological events through its protein-binding activity. Our research group demonstrated that EGCG directly bound to plasma proteins such as fibronectin and fibrinogen using EGCG immobilized on agarose gel (Sazuka et al., 1996) . Since then a number of studies have demonstrated such direct binding in the effects of EGCG including anticancer effects (Yang et al., 2009; Singh et al., 2011; Yang and Wang, 2011; Suzuki et al., 2012; Miyoshi et al., 2015) . Also, the experiment using a surface plasmon resonance assay led to the discovery of 67kDa laminin receptor as a cell surface receptor of EGCG in various activities including anti-cancer effect (Tachibana, 2011) . Therefore, it is tempting to discuss whether or not a mechanism based on the EGCG's direct binding property by which green tea gives a favorable effect on a certain diseases can also be applied to other diseases, and this issue will be discussed elsewhere. 
